Introduction
The heparan sulfate (HS) chains of HS proteoglycans (HSPGs) interact with a variety of proteins, such as growth factors, receptors, morphogens, cytokines, chemokines and extracellular matrix proteins. HS chains thereby act as receptors and/or co-receptors for these molecules and/or serve as their reservoirs, thus playing important roles in various biological processes such as morphogen gradient formation (Folkman et al. 1988; Kjellen and Lindahl 1991; Rapraeger 1993; Aviezer et al. 1994; Bernfield et al. 1999; Dreyfuss et al. 2009 ). The HS chains are synthesized by the alternate addition of glucuronic acid (GlcA) and N-acetylglucosamine residues to the linkage oligosaccharide, GlcA-Gal-Gal-Xyl attached to a specific serine residue of the HSPG core proteins, followed by the coordinated actions of the HS modification enzymes, C5-epimerase, N-deacetylase/N-sulfotransferases (NDSTs) and 2-O-, 6-O-, 3-O-sulfotransferases. Three isoforms of HS 6-O-sulfotransferases (HS6STs) have been identified in mice and humans (Habuchi et al. 1998 (Habuchi et al. , 2000 (Habuchi et al. , 2003 Nogami et al. 2004 ). The expression patterns of these isoforms are regulated in spatially and temporally different manners, and their substrate specificities also differ (Habuchi et al. 2000 (Habuchi et al. , 2003 . HS6ST1 preferentially catalyzes the sulfation of the iduronic acid (IdoA)-N-sulfated glucosamine (GlcNS) disaccharide unit, whereas HS6ST2 shows specificity for the GlcA-GlcNS and IdoA(2S)-GlcNS disaccharides, and HS6ST3 has intermediate substrate specificity between those of HS6ST1 and HS6ST2. The sulfation patterns, including 6-O-sulfations, play important roles in the regulation of the binding specificities and capacities of the many HS-binding molecules . In particular, 6-O-sulfation of HS is required for the fibroblast growth factor (FGF) and Wnt signaling pathways in mice, Drosophila and zebrafish (Nakato and Kimata 2002; Wang et al. 2004; Gorsi and Stringer 2007) . With regard to the important involvement of 6-O-sulfation of HS in the FGF signaling pathways, HS6ST RNA interference experiments in fruit fly have shown that the phenotypes produced by RNA interference closely resembled those of mutants defective in the FGF signaling components (Kamimura et al. 2001) . Using embryonic fibroblasts derived from the Hs6st gene knockout mice, we have shown an important role of 6-O-sulfation in FGF signaling (Sugaya et al. 2008; Ashikari-Hada et al. 2009 ). In addition, by subjecting an HS octasaccharide library to an affinity chromatographic assay, Ashikari-Hada et al. (2004) showed that the 6-O-sulfation of HS was important for the binding of . Further, we reported that Hs6st1 knockout mice displayed some abnormality due to the disturbance of Wnt2 signaling and their HS chains had reduced ability to bind to Wnt2 (Habuchi et al. 2007 ).
The FGF proteins have been primarily associated with fibroblast proliferation and pattern formation (Kobayashi et al. 2010) . More recently, however, it has been shown that some of the newly described FGFs are also important for maintaining physiological homeostasis. FGF19 (and its mouse ortholog, FGF15), FGF21 and FGF23 are members of the FGF19 subfamily that functions in the endocrine system and contributes to metabolic control, a function distinct from other FGFs. Transgenic mice expressing human FGF19 were shown to have an increased metabolic rate, decreased adiposity and resistance to diet-induced obesity and diabetes (Tomlinson et al. 2002; Fu et al. 2004) . In these transgenic mice, brown adipose tissue (BAT) mass increased and the expression of acetyl coenzyme carboxylase 2 in the liver decreased, providing two possible mechanisms by which FGF19 increased energy expenditure. Further, the administration of recombinant FGF19 was shown to increase the metabolic rate, reduce the body weight and reverse the diabetes-related symptoms in high-fat-fed mice and leptin-deficient mice (Fu et al. 2004 ). These results suggest that FGF19 may regulate energy expenditure by increasing the metabolic rate through FGF19-induced changes of gene expression in the liver and brown fat.
Although there are a number of evidences that HS plays roles in diverse biological processes such as cell proliferation and differentiation, angiogenesis, inflammation, endocytosis, viral infection and host cell defense mechanisms, little is known about possible functions of HS in metabolism. Recently, the analysis of mice bearing hepatocyte-specific inactivation of Ndst1 showed that binding and uptake of lipoproteins was HS-dependent, and the degree of sulfation of HS affected the extent to which uptake occurred (MacArthur et al. 2007) .
Thyroid hormones, thyroxine (T4) and triiodothyronine (T3), are major regulators of energy metabolism in vertebrates, and defects in thyroid status are frequently associated with changes in body weight. It is well known that hypothyroidism increases the propensity toward weight gain and eventually obesity in humans (Freake and Oppenheimer 1995; Lowell and Spiegelman 2000) . The secretion of thyroid hormones occurs after the endocytosis of the precursor thyroglobulin (Tg) and iodinated Tg in the thyroid follicle by the thyrocytes of the thyroid gland and subsequent proteolytic cleavages within the thyrocytes. Tg is produced by the thyrocytes themselves and once secreted through the exocytotic pathway into the lumen of the thyroid follicle, where it is stored . Based on their previous findings that heparin and binding sites of Tg are functionally related, investigated whether Tg binds to HSPG which are expressed on the cell surfaces of thyrocytes and found that Tg binds to a HS preparations in a dose-dependent, saturable manner.
Here, we report that aged male Hs6st2 knockout mice had increased body weight even when fed with a normal diet and showed impaired glucose metabolism and insulin resistance, when compared with wild-type mice. Quantitative reverse transcription-polymerase chain reaction (RT-PCR) analysis showed that the expression of mitochondrial uncoupling proteins (UCPs) 1 and 3 was reduced in interscapular BAT of male Hs6st2 knockout mice, suggesting reduced energy metabolism. Serum levels of thyroid-stimulating hormone (TSH) were significantly higher, and T4 significantly lower, in male Hs6st2 knockout mice, suggesting some role for the 6-O-sufate groups of HS in thyroid function, thyroid hormone secretion and hypothyroidism. When brown preadipocytes isolated from both wild-type and male Hs6st2 knockout mice were differentiated, serum starved and subsequently treated with FGF19 or FGF21, the phosphorylation of p42/p44 mitogen-activated protein (MAP) kinase was reduced not only in brown adipocytes from Hs6st2 knockout mice but also in those from wild-type mice when heparitinase (HSase) was also present in the culture. Taking these results together, HS plays a role in the regulation of energy expenditure, and compositional changes in HS, especially those of the 6-O-sulfated residues, may alter thermoregulation and ultimately lead to the metabolic syndrome.
Results

Generation of Hs6st2 knockout mice
The Hs6st2 gene located on the X-chromosome was disrupted in mice using the Cre/LoxP system ( Figure 1A ). Targeting vectors were constructed in which the exon I was flanked by loxP sites. This strategy was employed to abrogate the 3′-phosphoadenosine 5′-phosphosulfate binding sites, so potential residual protein expression gave no functional enzyme. E14 murine embryonic stem (ES) cells (derived from 129/Ola mice) were electroporated with the targeting vector and correct targeting was verified by polymerase chain reaction (PCR) ( Figure 1B ) and Southern blotting (data not shown). Mice carrying the mutated allele were crossed to the Cre recombinase-expressing transgenic mice driven under the CAG promoter to generate Hs6st2 null allele ( Figure 1A and B). To confirm that the transcriptional product containing exon I was absent, RT-PCR analysis was carried out for the 10.5 dpc (days post-coitum) embryos. The genotype of each embryo was determined separately using a tail sample. As shown in Figure 1C , no band was seen when using the Hs6st2-5′ and Hs6st2-m primer sets which detect the exon I containing PCR product. However, when Hs6st2-3′ primer sets were used, the PCR products were equally amplified irrespective of the genotype. This result suggests that even if the protein product was translated in Hs6st2 knockout mice, it was unlikely to have sulfotransferase activity. Hs6st2 X − /X − female mice and Hs6st2 X − /Y male mice were fertile and appeared indistinguishable from wild-type littermates, except that aged Hs6st2 X − /Y males showed signs of obesity. Mice were backcrossed for at least 12 generations prior to further experiments.
Although there was no difference in body weight between knockout mice and wild-type mice up to 4 months of age when fed with a chow diet, body weight of knockout mice was significantly increased at 6 months of age compared with that of the wild-type controls [ Figure 2A : upper, 33.7 ± 2.5 g (n = 15) vs 36.9 ± 4.7 g (n = 21), P = 0.010]. When mice were fed with a high fat diet from 4 weeks of age (Figure 2A : lower), the body weight of the male knockout mouse was significantly higher than wild-type mice within 1 week. There was no difference in body weight between female knockout mice, compared with female wild-type mice. We therefore used only the male mice for further experiments in the present study. To investigate Obesity and altered thyroid hormone in male Hs6st2 KO mice whether the increase in the body weight of Hs6st2 knockout male mice was caused by fat storage or increase in general organ weight, we compared the dry weights of the liver, epididymal white adipose tissue (eWAT), retroperitoneal white adipose tissue (rWAT), kidney, BAT, heart, lung, testis and spleen between wild-type and knockout male mice (Table I) .
Although the dry weights of the kidney, heart, lung, testis and spleen were the same between both genotypes, the dry weights of the fat storage tissue like eWAT and rWAT were significantly increased in Hs6st2 knockout male mice. The dry weight of the liver was also increased, which was likely caused by fat deposition. Histological data also showed that excessive fat storage occurred in the WAT and liver of Hs6st2 knockout male mice ( Figure 3A ). When mice were fed with chow diet for 5 months, white adipocytes were larger and exhibited heterogeneous sizes in Hs6st2 knockout mice than that of wild-type mice ( Figure 3B ). When mice fed with high fat diet for 8 weeks from 4 weeks of age, sizes of adipocytes were more increased in WAT ( Figure 3C ) and more lipid droplets were accumulated in the liver. There was no significant difference in the BAT and the skeletal muscle at the histological level. From these histological data and the dry weights of various organs as shown in Table I , we concluded that the body weight increase in Hs6st2 knockout male mice was caused by fat accumulation rather than the increase in general organ weight.
Reduced energy expenditure of Hs6st2 knockout mice Total food intake was measured in wild-type and Hs6st2 X − /Y mice fed with chow diets for 1 week (Table II) . As no significant difference in food intake was observed between Hs6st2 X − /Y and control mice [3.5 months: 2.98 ± 0.08 g/day (n = 7) vs 2.85 ± 0.17 g/day (n = 6); 10 months: 3.54 ± 0.47 g/day (n = 8) vs 3.70 ± 0.21 g/day (n = 5)], we speculated that the obesity of male knockout mice might be caused by other factors such as decreased energy expenditure in the inactivation of Hs6st2 in vivo. First, we compared the body temperature of Hs6st2 X − /Y mice with that of control mice at 3.5 months of age. Since it has been reported that ear and back skin temperature measured using an infrared thermometer correlate well with rectal temperature as a reliable measurement of overall body temperature (Saegusa and Tabata 2003) , we employed the back skin measurement. The Hs6st2 X − /Y mice showed a significant decrease in body temperature [controls, 36.2 ± 0.3°C (n = 7), vs Hs6st2 X − /Y mice, 35.8 ± 0.4°C (n = 6); P < 0.01]. Previous studies demonstrated that BAT and skeletal muscle function as tissues mediating adaptive thermogenesis, which is an important defense against obesity (Zurlo et al. 1990; Lowell et al. 1993) . To address this possibility, we investigated the expression levels of some genes that are proposed to play important roles in obesity and associated metabolic actions in BAT [namely Ucp1, Ucp3, Pgc1α, Pgc1β, Pparα ( peroxisome proliferator-activated receptor α) and Pparδ]. Quantitative The dry weights of the liver, eWAT and rWAT were significantly increased in Hs6st2 knockout mice. *P < 0.05. **P < 0.01.
Obesity and altered thyroid hormone in male Hs6st2 KO mice
RT-PCR analysis ( Figure 2B ) showed significant decreases in the expression of Ucp1 and Ucp3 in BAT in Hs6st2 X − /Y mice. Expression levels of the other genes examined (Pgc1α, Pgc1β, Pparα and Pparδ) were not significantly different between the knockout and wild-type mice. Quantitative RT-PCR of skeletal muscles showed that the expression levels of Ucp2 and Ucp3 were comparable between Hs6st2 knockout and wild-type male mice (Supplementary data, Figure S1A ). Pparα and Pparδ expression levels were, however, significantly higher in the knockout mice (Supplementary data, Figure S1A ). Since our quantitative RT-PCR data showed great differences between individuals, we examined whether the Ucp1 protein of the BAT was actually decreased in Hs6st2 knockout male mice by western blot analysis using the anti-Ucp1 antibody. As shown in Supplementary data, Figure S1B , Ucp1 protein levels were decreased to 60.9% in the BAT protein extracts from Hs6st2 knockout male mice. Finally, we quantified Ucp1 protein levels in the differentiated brown adipocytes of both genotypes by western blotting. When normalized to β-actin levels, it was calculated that the Ucp1 protein was decreased 56.8 ± 3.6% (P < 0.05) in male Hs6st2 knockout adipocytes to that of male wild-type adipocytes (Supplementary data, Figure S1C ).
Impaired glucose tolerance in Hs6st2 knockout mice
To investigate the possibility that the increased body weight of Hs6st2 knockout male mice was linked to metabolic disorders, we conducted a glucose tolerance test (GTT) at 2 and 5 months of age. At 2 months of age, at which the body weights of Hs6st2 knockout male mice were still the same as those of the wild-type male mice, there was no difference in the GTT profile between the two genotypes ( Figure 4A ). However, at 5 months, 
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Hs6st2
X − /Y mice showed relative glucose intolerance: the blood glucose levels were significantly higher than those observed in the wild-type littermates 0, 30, 60 and 90 min after the intraperitoneal glucose load ( Figure 4D ). The insulin tolerance test (ITT) profile of Hs6st2 knockout male mice was the same as that of the wild-type mice at 2 months of age ( Figure 4B ). However, at 5 months, Hs6st2 X − /Y mice showed relative insulin intolerance; blood glucose levels were significantly higher than those observed in wild-type male littermates 30, 60 and 120 min after the intraperitoneal insulin load ( Figure 4E ). Differences in serum insulin levels were already observed at 2 months of age ( Figure 4C ), and they were statistically significant at 5 months of age ( Figure 4F ).
FGF21 downstream signaling was decreased in Hs6st2 X
− /Y brown adipocyte Transgenic mice overexpressing FGF19 or FGF21 were found to be hypoglycemic, sensitive to insulin and resistant to diet-induced obesity due to the increased energy expenditure (Tomlinson et al. 2002; Hotta et al. 2009 ). We therefore investigated their downstream signaling in Hs6st2 knockout male mice. FGF19 was shown to have an ability to bind to HS, and HS was required for the signal transduction of FGF19 at physiological concentrations (Nakamura et al. 2011) . Brown preadipocytes isolated from interscapular brown fat were cultured and differentiated as described in Materials and methods. First, we treated those cells from wild-type BAT with FGF19 or FGF21 in the presence or the absence of HSase. Since it has been shown that FGF21 can activate FGF receptors (FGFRs) and signaling molecules downstream including p42/p44 MAP kinase ), we investigated whether HSaseI treatment would alter the activation of these kinases. As shown in Figure 5A , phosphorylated p42/p44 was greatly reduced for FGF21 and slightly reduced for FGF19 when cells were treated with HSase, suggesting that HS augments the signal of noncanonical FGFs in brown adipocytes. We then investigated the effects of the null mutation of the Hs6st2 on the activation of p42/p44 MAP kinase by FGF21. When compared with the brown adipocytes isolated from the male wild-type mice, phosphorylated p42/p44 was significantly reduced in the male Hs6st2 knockout brown adipocytes under tested concentrations of FGF21 ( Figure 5B ).
Impaired thyroid function of Hs6st2 knockout mice
Since thyroid hormones are well known to be regulators of energy metabolism and are frequently associated with changes in body weight (Freake and Oppenheimer 1995; Lowell and Spiegelman 2000) , the impairment of thyroid function in Hs6st2 knockout male mice could be the cause of the above results. To investigate whether the reduction in metabolism was relevant to the alteration of thyroid hormones in the knockout mice, we measured serum levels of TSH, total T4, free T4 and Tg in wild-type and Hs6st2 knockout male mice ( Figure 6A-D) . TSH serum levels were significantly higher (P < 0.01) in Hs6st2 X − /Y mice than in wild-type male mice ( Figure 6A ). Total T4 and free T4 serum levels were significantly decreased Fig. 4 . GTT, ITT and plasma insulin levels. A GTT was performed in male Hs6st2 knockout mice and wild-type mice at 2 (A) and 5 (D) months of age (n = 9-16). An intraperitoneal injection of glucose (0.75 mg/g body weight) was administered. An ITT was performed in male Hs6st2 knockout mice and wild-type mice at 2 (B) and 5 (E) months of age (n = 7-20). An intraperitoneal injection of human insulin (Humalin R, Eli Lilly; 0.75 U/kg body weight) was administered without fasting. Plasma insulin at 2 (C) and 5 (F) months of age (n = 6-8) was measured using insulin immunoassay. *P < 0.05, **P < 0.01, ***P < 0.001.
Obesity and altered thyroid hormone in male Hs6st2 KO mice in the Hs6st2 knockouts (P < 0.05 for the former level and P < 0.01 for the latter level) (Figure 6B and C) . Serum levels of Tg were decreased, although this was not statistically significant ( Figure 6D ). Hematoxylin & Eosin staining showed no histological differences of the thyroid gland between wild-type ( Figure 6E ) and Hs6st2 knockout male mice ( Figure 6H ). In addition, the size of the thyroid gland did not differ (data not shown). Immunohistochemical studies using an anti-Tg antibody showed that Tg was localized in follicles both in wild-type and in Hs6st2 knockout male mice ( Figure 6G and J). Figure S1D ) and thyroid ( Figure 6K) showed that Hs6st1 and Hs6st2 band intensity was equal in BAT but the band intensity of Hs6st2 was lower than that of Hs6st1 in thyroid. To explore the possibility that a loss of 6-O-sulfation due to the Hs6st2 null mutation would lead to reduced energy expenditure in skeletal muscle and/or BAT, we first compared the disaccharide unit structures derived by the HSase digestion of the HS chains in Hs6st2 knockout and control male mice. HS was isolated from these tissues and, after digestion, subjected to compositional analysis of the disaccharide products. As shown in Table III , there was a marked decrease in the relative content of 6-O-sulfated disaccharide units, suggesting a decrease in 6-O-sulfation of the HS isolated from Hs6st2 X − /Y tissues, particularly from Hs6st2 X − /Y BAT. The relative content of N-acetylated and 6-O-sulfated disaccharide units was almost the same between the two genotypes in skeletal muscle and in BAT. The relative content of N-sulfated and 6-O-sulfated disaccharide units, however, was significantly decreased. In more detail, the relative content of HexA-GlcNSO 3 (6SO 4 ) units was decreased to 60% and to 45% in skeletal muscle (P < 0.01) and in BAT (P < 0.05) of Hs6st2 X − /Y mice, respectively, when compared with wild-type male mice. The relative content of IdoA (2SO 4 )-GlcNSO 3 (6SO 4 ) units was decreased to 21% in BAT (P < 0.05) of Hs6st2 X − /Y mice. The number of 6-O-sulfate groups per 100 disaccharide units in skeletal muscle of Hs6st2 X − /Y mice was decreased but not so significantly compared with wild-type male mice (13.7 ± 1.6 vs 9.3 ± 1.0, P > 0.05), and this was significantly lower in BAT in Hs6st2 X − /Y mice (25.1 ± 2.1 vs 10.2 ± 0.7, P < 0.05). Thyroid tissue from 6 to 7 mice was pooled and used for the disaccharide compositional analysis, because a single thyroid was not sufficient to obtain reliable data. The number of 6-O-sulfate residues per 100 disaccharide units and the relative content of N-acetylated and 6-O-sulfated disaccharide units were not significantly different between the two genotypes; 20.5 ± 0.5 vs 18.6 ± 0.5% for the former and 11.2 ± 0.2 vs 10.9 ± 0.8% for the latter. The relative content of HexA-GlcNSO 3 (6SO 4 ) units and IdoA (2SO 4 )-GlcNSO 3 (6SO 4 ) units was lower in the Hs6st2 X − /Y thyroid (3.9 ± 0.5 vs 2.9 ± 0.4%), although this was not significant (Table III) . The decrease in the relative content of IdoA (2SO 4 )-GlcNSO 3 (6SO 4 ) units was greater in BAT than in thyroid, reflecting the RT-PCR data as shown in Figure 6K and Supplemental data, Figure S1D .
Discussion
In the present study, we showed that Hs6st2 knockout mice appear to be healthy and have no gross morphological alterations, but the male knockout mice develop obesity with age and show a decreased metabolic rate, increased body weight and impaired glucose homeostasis. From the increase in the dry weights of the fat storage tissue like eWAT and rWAT (Table I) and the larger adipocyte sizes in histological data (Figure 3) , the body weight increase in Hs6st2 knockout male mice was caused by the increased fat storage rather than the increased weights of general organs. Although we could not show indirect calorimetry or oxygen consumption data, the increased body weight of the knockout mice with no significant change in food intake and the decreased back skin temperature suggest a Activation of p42/p44 MAP kinase was then investigated. The figure is the representative data obtained in three independent experiments. Phosphorylated p42/p44 was augmented in a FGF21 dose-dependent manner in both the cell cultures, but it was significantly less augmented in the Hs6st2 knockout cell culture.
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reduction in energy expenditure. Syndecan-3, one of the cell surface HSPG, is heavily expressed in some areas of the brain such as hypothalamic nuclei which is a well-known areas involved in the regulation of the energy balance (Reizes et al. 2001; Williams et al. 2001) , suggesting some participations of this proteoglycan in our present findings. However, Syndecan-3 Table III . There was a marked decrease in the relative contents of 6-O-sulfation containing residues, especially ΔDi-(N,6,2) triS disaccharide unit in the HS isolated from Hs6st2 X − /Y mice in BAT The abbreviations used are: ΔDi-0S, HexA-GlcNAc; ΔDi-NS, HexA-GlcNSO 3 ; ΔDi-6S, HexA-GlcNAc(6SO 4 ); ΔDi-(N,6) diS, HexA-GlcNSO 3 (6SO 4 ); ΔDi-(N,U) diS, IdoA(2SO 4 )-GlcNSO 3 ; ΔDi-(N,6,2) triS, IdoA(2SO 4 )-GlcNSO 3 (6SO 4 ). *P < 0.05. **P < 0.01.
Obesity and altered thyroid hormone in male Hs6st2 KO mice null male mice exhibited a partial resistance to obesity on a high fat diet (Strader et al. 2004) . Since the mutation of Syndecan-3 would not affect any of HSPGs in terms of the 6-O-sulfation, the different mechanisms appear to be implicated in the obesity observed in Hs6st2 null male mice. It is well established that BAT and skeletal muscle are important tissues for thermogenesis. As shown in Figure 2 , we observed that the expression level of Ucp1 and Ucp3 was decreased in BAT in male Hs6st2 knockout mice compared with wild-type mice. Since the expression of Ucp1 and Ucp3 is known to be regulated at the transcriptional level by thyroid hormone (Guerra et al. 1996; Solanes et al. 2005) , decreased BAT Ucp1 and Ucp3 observed in male Hs6st2 knockout may have resulted from the low thyroid hormone concentrations as shown in Figure 6B , C. The Ucp1 protein levels were also decreased to 60% in the BAT (Supplementary data, Figure S1B ) and also the brown adipocytes (Supplementary data, Figure S1C ) of Hs6st2 knockout mice, which showed good correlation with the Hs6st2 expression levels in quantitative RT-PCR (Supplementary data, Figure 1D ). Recent studies have shown that obesity induces chronic local inflammation in adipose tissue and that cells of the innate immune system are crucially involved in adipose inflammation and systemic metabolic abnormalities (Maury and Brichard 2010; Lumeng and Saltiel 2011) . As shown in Figure 3A , more inflammatory cells were infiltrating in the WAT of Hs6st2 knockout male mice when fed with high fat diet, which may have some roles in the decrease in energy expenditure. Since Hs6st2 is also expressed in inflammatory cells such as mast cells and lymphocytes (Anower-E- Khuda et al. 2013) , whether the function of inflammatory cells is affected in the WAT of Hs6st2 knockout male mice should be an interesting question to answer. Though Pparα and Pparδ were significantly elevated in skeletal muscles of Hs6st2 knockout mice, the expression levels of Ucp2 and Ucp3 were comparable between Hs6st2 knockout and wild-type mice (Supplementary data, Figure S1A ). It seemed likely that skeletal muscles had moderate effect on decreased thermogenesis in Hs6st2 knockout male mice.
The decreased expression of Ucp1 and Ucp3 observed in the BAT of the male Hs6st2 knockout mice might cause their decreased body temperature and age-progressive obesity. Ucp1 and Ucp3 are members of the UCP family, which are located at the inner mitochondrial membrane (Krauss et al. 2005) . Although there are contradictory observations on the molecular mechanisms involved (Garlid et al. , 1998 Jezek et al. 1996; , it is clear that activated Ucp1 catalyzes a reaction of proton leakage across the mitochondrial inner membrane leading to thermogenesis. Ucp1 is mainly expressed in BAT, where it plays a key role in facultative thermogenesis (Argyropoulos and Harper 2002) . Ucp3 mRNA is expressed preferentially in skeletal muscle and brown fat (Boss et al. 1997; Vidal-Puig et al. 1999) . The mechanism by which Ucp1 and Ucp3 regulate body weight in individuals is still uncertain. Ucp1-mediated thermogenesis in BAT is under the direct control of the large number of sympathetic nerves which enter into this tissue. In fact, when Ucp1-deficient mice were treated with a β3-adrenergic receptor agonist, their white pad weight and adipocyte size were reduced (Inokuma et al. 2006 ). This result indicates that the fat-reducing effect of β3-adrenergic receptor stimulation is largely attributable to the activation of Ucp1 thermogenesis. Further, the absence of Ucp3 protein in Ucp3 knockout mice led to increased production of reactive oxygen species, but it revealed no apparent involvement of Ucp3 in body weight regulation, exercise tolerance, fatty acid oxidation or cold-induced thermogenesis (Vidal-Puig et al. 2000) .
Other proteins contributing to the decreased energy expenditure that is functionally related to HS may include the FGF19 and FGF21 family members (Fukumoto 2008) . This endocrine FGF subfamily, the members of which function as metabolic regulators, is composed of FGF19, FGF21 and FGF23 in humans and FGF15, FGF21 and FGF23 in mice. These members require klotho or βklotho in addition to canonical FGFRs for their actions. Recombinant FGF19 was shown to increase the metabolic rate, reduce body weight and reverse diabetes in both high-fat-fed mice and leptin-deficient mice (Fu et al. 2004) . Chronic exposure to FGF19 led to a gene expression profile that is consistent with the activation of BAT (Fu et al. 2004) . FGF21 is mainly expressed in the liver and was shown to be involved in carbohydrate and fat metabolism (Badman et al. 2007; Potthoff et al. 2009 ). We showed that heparin or HS is required for human FGF19 signaling at physiological concentrations of FGF19 (Nakamura et al. 2011) . In Hs6st2 knockout mice, the composition of HS was altered in two thermogenic tissues; BAT and skeletal muscle. Preadipocytes isolated from BAT of wild-type mice were cultured, differentiated and treated with FGF19 or FGF21. Activation of p42/p44 MAP kinase was reduced by HSase-treatment slightly for FGF19 signaling and significantly for FGF21 signaling ( Figure 5A ). We then showed that the activation of p42/p44 MAP kinase by FGF21 was significantly reduced in the Hs6st2 knockout brown adipocytes, compared with that in the wild-type adipocytes ( Figure 5B ). Although it had been reported that FGF21 did not have affinity to heparin (Asada et al. 2009 ), we observed decreased p42/p44 MAP kinase activation in Hs6st2 knockout adipocytes. From this point of view, it is interesting to know that Suzuki et al. (2008) described that heparin enhanced FGF21's ability to induce the proliferation of FGFR1c/βklotho-expressing BaF3 transfectants 1.5-3-fold. Another possibility is that the presence of HS would play a role in determining the ligand-receptor specificity for FGF21. FGF21 has been reported to induce the phosphorylation of FRS2α in cells expressing HSPG such as both FGFR2c/ βklotho-expressing 3T3-L1 adipocytes and FGFR2c/ βklotho-transfected L6 cells Kharitonenkov et al. 2008 ). However, FGF21 dose dependently induced DNA synthesis in only FGFR1c/βklotho/BaF3 and FGFR3c/βklotho/ BaF3 cells which did not express HSPG. Although there was no definitive evidence for the involvement of 6-O-sulfate groups in the actions of these FGFs, HS containing 6-O-sulfates on the adipocytes may stabilize the FGF21, FGFR, βklotho complexes after FGF21 binding thus resulted in effective signal transduction, and consequently, FGF19 and/or FGF21 signaling reduced in Hs6st2 knockout male mice may lead to reduced energy metabolism. It is interesting to note that recent reports (Chartoumpekis et al. 2011; Fisher et al. 2012 ) have provided strong evidence that FGF21 in BAT and WAT regulate thermogenesis and its browning via the increase in UCP1 expression. Further, it was reported that thyroid hormones regulate the expression of FGF21 in a Pparα-dependent manner (Adams et al. N Nagai et al. 2010 ). The observed reduction in FGF21 signaling in male Hs6st2 knockout mice may have at least in part resulted from the decreased serum levels of thyroid hormones. Although not statistically significant, the transcriptional level of Pparα tended to decrease in male Hs6st2 knockout mice (Figure 2) .
The lower serum concentrations of T4 and free T4 ( Figure 6B and C) observed in male Hs6st2 knockout mice served as one of the factor leading to decreased energy expenditure. The high concentration of TSH, a regulator of thyroid hormone production and secretion in sera of male Hs6st2 knockout mice suggests that the secretion of thyroid hormone from the thyroid is interrupted, which is consistent with the observed low serum concentrations of T4 and free T4. Thyroid hormone secretion requires uptake of thyroid hormone precursor Tg by thyrocytes, transport to lysosomes, where proteolytic cleavage leads to the release of the hormones from mature Tg molecules. Marino et al. (1999) showed that rodent Tg is a heparin-binding protein and virtually all the rat Tg bound to cultured thyroid cells was released by the addition of heparin and reduced by HS or HSPG preparations and by the enzymatic removal of HSPGs from the cell surface . Although the change in disaccharide composition of HS in the thyroid was moderate in Hs6st2 knockout mice (Table III) , such a subtle change in HS composition may be enough to disrupt interaction of Tg and other unidentified cell surface receptors and lead to decreased endocytosis and subsequent thyroid hormone release into blood. However, we cannot rule out the possibility that the reduction in thyroid hormone is not the consequence of dysfunction of thyroid itself, but may arise as a secondary effect of the decrease in 6-O-sulfation of HS in another tissue. Further experiments using a cell culture system will be needed to clarify the mechanism of thyroid hormone decrease in Hs6st2 knockout mice.
There is a series of reports describing a feedback relationship among sex hormones, thyroid hormone levels and insulin regulation (Li et al. 2010; Mendis-Handagama et al. 2010 ). This may be the reason why only male Hs6st2 knockout mice showed reduced energy metabolism. Not only the dynamic relationship of these hormones in male Hs6st2 knockout mice but also the comparison of these hormone between male and female Hs6st2 knockout mice will be studied in future.
In conclusion, aged Hs6st2 knockout male mice showed a decreased energy expenditure phenotype and, as a result, their body weight progressively increased. Hs6st2 knockout mice have a hypothyroid phenotype, since serum levels of total T4 and free T4 were decreased, which may be a cause of decreased energy expenditure. Other growth factors such as FGF19 and FGF21 may also be relevant to decreased energy expenditure. As a result of weight gain, aged Hs6st2 knockout male mice may have had impaired glucose and insulin tolerance. Thus, the Hs6st2 gene may act together with several other genes to determine metabolic regulation in individuals, and abnormal changes in HS composition may lead to a metabolic syndrome phenotype.
Materials and methods
Generation of Hs6st2 knockout mice
A gene targeting vector was constructed as follows. First, a 10-kb genomic clone of the Hs6st2 gene containing 3′-phosphoadenosine 5′-phosphosulfate-binding sites was isolated from the 129/Sv mouse genomic library (Agilent Technologies Japan, Tokyo, Japan). The Hs6st2 gene and the pBSTKNeoloxP vector were each digested with BstEII-SalI and BamHI-ClaI, blunted, and a 1.3-kb fragment of Hs6st2 gene (short arm) was inserted into pBSTKNeoloxP. Next, the Hs6st2 gene was digested with BstEII-NotI, blunted, and a 1.6-kb fragment including exon II was inserted in the blunted SalI site of the vector. Finally, a 5.7-kb NotI-SpeI fragment of the Hs6st2 gene (long arm) was blunted and inserted in the blunted NotI site of the targeting vector. The targeting vector is depicted in Figure 1A . This targeting vector was linearized and electroporated into E14 ES cells derived from mouse strain 129/Ola. ES cells carrying the disrupted allele were microinjected into blastocysts of mouse strain C57BL/6 (SLC, Hamamatsu, Japan) to produce chimeric mice. Heterozygotes were subsequently bred with C57BL/6 mice for at least 12 generations to obtain a C57BL/6 genetic background. Heterozygous mice were intercrossed to generate Hs6st2-null mice, and the genotypes of the offspring were determined by PCR analysis of tail genomic DNA using ko-forward (5′-GCCAGGTACGTGGTGAGCGAACG-3′) and ko-reverse (5′-TGACCTCCAGGAACTGCCATAAC-3′) primers for analysis of the mutant, and m6ST2-51f (5′-ATTTGCGG TGATCGTCCTCCA-3′) and m6ST2-431r (5′-TGAGCTCG GTCCAGTCGGCAT-3′) primers for the wild type ( Figure 1B) . To confirm the genotypes at the transcriptional level, RT-PCR was carried out using whole embryo tissue from 16.5 dpc with the following primer sets; Hs6st2-5′f (=m6ST2-51f ) and Hs6st2-5′r (=m6ST2-431r), Hs6st2-mf (5′-TCCACCGGCTG GAGCTGCGGG-3′) and Hs6st2-mr (5′-TCCCACTCTTCG ATGTGCTCC-3′) and Hs6st2-3′f (5′-CGCAAATTTCTGAA GGGAAGG-3′) and Hs6st2-3′r (5′-CAGAGTATCCGGAAT CACTTA-3′) ( Figure 1C ). All experiments were conducted in accordance with the Aichi Medical University Guide for Care and Use of Laboratory Animals as approved by the Aichi Medical University Animal Care Committee.
Serological analysis
Serum insulin was measured by insulin immunoassay according to the manufacturer's protocol (Shibayagi, Gunma, Japan). Serum TSH, total T4 and free T4 levels were measured using enzyme-linked immunosorbent assay (ELISA) kits (Rodent TSH and Thyroid Tests T4 (Endocrine Technologies, Newark, CA) and free T4 ELISA kit (Alpha Diagnostic International, San Antonio, TX) according to the manufacturers' protocols.
GTT and insulin tolerance test A GTT was performed in male Hs6st2X
− /Y mice and wild-type mice at 2 and 5 months of age (n = 9-16). After overnight fasting (16 h), glucose (0.75 mg/g body weight) was injected intraperitoneally. Blood was collected from the tail of each mouse at 0, 30, 60, 90 and 120 min after glucose injection, and blood glucose levels were measured using a hand-held glucose monitor (Terumo Co., Tokyo, Japan). An ITT was carried out in male Hs6st2X − /Y mice and wild-type mice at 2 and 5 months of age (n = 7-20) . Human insulin (Humalin R, Eli Lilly Japan, Kobe, Japan; 0.75 U/kg body weight) was intraperitoneally injected without fasting. Blood was collected from the tail of Obesity and altered thyroid hormone in male Hs6st2 KO mice each mouse at 0, 30, 60 and 120 min after insulin injection, and blood glucose levels were measured using a hand-held glucose monitor. Plasma insulin was measured by insulin immunoassay according to the manufacturer's protocol (Shibayagi). For the body temperature measurement, mice were shaved in the middorsal area (2 cm diameter) the day before the measurement. Next day, at 14:00, an infrared thermometer was applied to the surface of the back for 1 s time. The temperatures were measured for the subsequent three days, and the average value was taken as the body temperature.
Quantitative RT-PCR Total RNA was isolated from the interscapular BAT of 4-month-old Hs6st2X − /Y and wild-type mice (n = 5 each) using a QIAGEN RNeasy mini kit according to the manufacturer's protocol. For each sample, 1 μg RNA was reverse-transcribed with High Capacity RNA-to-cDNA Master Mix (Life Technologies Japan, Tokyo, Japan) and quantitative PCR was done using Power SYBR PCR Master Mix (Life Technologies Japan) according to the manufacturer's protocol. The oligonucleotides used for PCR were: Ucp1-f, GTGAAGGTCAGAA TGCAAGC; Ucp1-r, AGGGCCCCCTTCATGAGGTC; Ucp3-f, 5′-TGGCTCAGGAGGGACCCACG-3′; Ucp3-r, 5′-TCTGG ACCGTGTGGGCCTGT-3′; Pgc1α-f, 5′-CCCAGAGTCACC AAATGACCCCA-3′; Pgc1α-r, 5′-GCGGTGGCACCACGGT CTTG-3′; Pgc1β-f, 5′-CGCCCTGGAAAGCCCCTGTG-3′; Pgc1β-r, 5′-GTGGGTGGCGTGAGTCCTGC -3′; Pparα-f, 5′-CCCTTCTCACGGCGTGGTGC-3′; Pparα-r, 5′-TGACAGAG CCCTCGGAGCCC-3′; Pparδ-f, 5′-GTCGGGTGTGCGGGG ACAAG-3′; Pparδ-r, 5′-TCCTCTTCTCGGCCTCCGGC-3′; β-actin-f, CATCCGTAAAGACCTCTATGCCAAC and β-actin-r, ATGGAGCCACCGATCCACA. The levels of PCR products were determined with StepOnePlus™ equipment (Life Technologies Japan) and analyzed using the accessory software. The relative abundance of transcripts was normalized to the β-actin mRNA level. Table I ) from wild-type and Hs6st2 knockout mice of 10-12 months old were excised and dried in a 105°C oven for at least 24 h in small glass beakers followed by cooling in a desiccator for at least 30 min prior to weighing.
Measurement of tissue dry weight Tissues (indicated in
Histological analysis
Four micrometer thick sections from paraffin embedded specimens were deparaffinized, rehydrated and then subjected to either standard Hematoxylin & Eosin staining or immunohistochemistry. Briefly, for immunostaining of Tg, sections were incubated with 3% H 2 O 2 , autoclaved in 10 mM citrate buffer ( pH 6.0) and blocked with normal goat serum. Sections were incubated overnight at 4°C with anti-Tg mouse monoclonal antibody (Thermo Fisher Scientific, Rockford, IL) diluted 1: 500. Sections were washed with phosphate-buffered saline (PBS) and incubated with biotin-labeled goat anti-mouse IgG (Dako Japan, Tokyo, Japan), followed by horseradish peroxidase-labeled streptavidin (Dako Japan) and 3,3′-diaminobenzidine tetrahydrochloride. Sections were counterstained with Hematoxylin.
In negative control experiments, normal mouse IgGs were used as a replacement for the primary antibodies.
Disaccharide analysis HS was isolated from thyroid, skeletal muscle, brown fat pad and epididymal fat pad from the wild-type and knockout mice and subjected to disaccharide compositional analysis according to the method reported by Toyoda et al. (2000) . Tissues having 100-200 μL volume were used for isolation of glycosaminoglycans. Thyroids from 6 to 7 mice were pooled for the disaccharide analysis because a single thyroid was not sufficient to obtain clear results. The other tissues were analyzed for individual mice. The disaccharide compositional analysis was performed three times for the statistical significance.
Preadipocyte isolation and differentiation, FGF19/21 signaling Interscapular BAT was isolated from newborn wild-type male mice and Hs6st2 knockout male mice, minced and subjected to collagenase digestion in 2 mL of isolation buffer containing 2 mg collagenase, 0.123 M NaCl, 5 mM KCl, 1.3 mM CaCl 2 , 5 mM glucose, 100 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and 4% bovine serum albumin for 30 min. The digested tissue was passed through a 100-μm nylon screen. Cells were collected by centrifugation at 800 × g for 5 min. The pellet consisting of precursor cells was suspended in isolation buffer without collagenase and centrifuged again. Cells were resuspended in 5 mL of culture medium [Dulbecco's modified Eagle medium (DMEM) containing 20% fetal bovine serum (FBS), 20 mM HEPES, 100 U/mL penicillin/streptomycin], seeded on 60-mm dishes and grown in a humidified atmosphere of 5% CO 2 and 95% air. The medium was changed every 2 days. For differentiation, the cells were grown to confluence in culture medium supplemented with 20 nM insulin and 1 nM T3 (differentiation medium). Confluent cells were further incubated for 24 h in the differentiation medium, and then changed to DMEM containing 10% FBS supplemented with 0.5 mM isobutylmethylxanthine, 0.5 μM dexamethasone and 0.125 mM indomethacin (induction medium). The cells were maintained in differentiation medium for 4-8 days until exhibiting a fully differentiated phenotype with massive accumulation of multilocular fat droplets. FGF19 or FGF21 was added after starving the cells in serum-free medium overnight. When cells were treated with HSase, the differentiated cells were digested with 10 mU of HSaseI (Seikagaku Corp., Tokyo, Japan), 5 mU of HSaseII (Seikagaku Corp.) and 10 mU of heparinase (Seikagaku Corp.) at 37°C before the addition of FGFs. After 30 min, the enzyme and the digested HS were removed by washing once with DMEM without serum. The cells were then stimulated as described above. HSase was again added to the medium and the cells were stimulated by adding FGF19 or FGF21. After stimulation at 37°C for 15 min, the medium was immediately discarded and the cells were washed twice with ice-cold PBS and lysed by adding the sample buffer [50 mM Tris (pH6.7), 2% sodium lauryl sulfate (SDS), 10% glycerol, 0.002% bromophenol blue, 10 mM dithiothreitol] to the cell layers. The lysates were heated at 100°C for 5 min to proceed for western blotting.
Western blotting
Cell lysates containing equal protein amounts (15 μg) prepared in the sample buffer were separated by SDS-polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes (Millipore, Billerica, MA). Membranes were soaked in PBS containing 5% skim milk for 30 min to block non-specific staining and then incubated with the respective antibody overnight at 4°C, washed with PBS three times for 5 min each and incubated with the respective peroxidaseconjugated secondary antibody for 1 h. After three washes with PBS containing 0.1% Tween-20 for 5 min each, the immunocomplexes were detected using Western Lightning™ Chemiluminescence Reagent Plus (PerkinElmer Life Sciences, Wellesley, MA). Signals were quantified using an LAS-4000 mini densitometer (Fujifilm, Tokyo, Japan). The membrane was first incubated with anti-phospho p44/42 antibody (Cell Signaling Technology Japan, Tokyo, Japan). After the antibody complex was stripped off by Restore™ Western Blot Stripping Buffer (Thermo Fisher Scientific), the membrane was incubated with an anti-p44/42 antibody (Cell Signaling Technology Japan).
Supplementary data
Supplementary data for this article is available online at http:// glycob.oxfordjournals.org/.
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